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Arctic  and  Subarctic  Atmospheres 

0 to  90  km 


I.  IMRODICTION 

Sets  of  monthly  reference  atmospheres  that  show  the  seasonal  chanKes  in  the 
vertical  distributions  of  temperature,  pressure,  and  density  for  altitudes  up  to  90 
km  are  presented  for  latitudes  60°N  and  75°N.  Models  for  various  longitudes  de- 
pict the  longitudinal  variations  of  these  parameters  during  the  winter  at  these  lati- 
tudes. Estimates  of  the  magnitude  of  the  diurnal,  day-to-day,  ind  spatial  variabil- 
ity of  temperature  and  density  are  included. 

These  arctic  and  subarctic  atmospheres  are  part  of  a more  comprehensive 
effort  sponsored  by  the  U.  S.  Committee  on  Extension  to  the  Standard  Atmosphere 
(COESA)  to  develop  sets  of  monthly  reference  atmospheres  from  the  surface  to  90 
km  at  15°  intervals  of  latitude  between  the  equator  and  the  North  Pole.  They  are 
intended  to  replace  theU.S.  Standard  Atmosphere  Supplements,  1966,  which  were 

prepared  by  the  COESA  Working  Group  more  than  ten  years  ago.  Monthly  models 

1 2 

for  low  latitudes  and  midlatitudes  have  already  been  completed.  ’ 

There  has  been  a substantial  increase  in  the  number  of  meteorological  rocket 
obsemmtions  taken  on  a routine  basis  in  arctic  and  subarctic  regions  since  prepara- 
tion of  the  U.S.  Standard  Atmosphere  Supplements,  1966.  Sufficient  data  are  now 
^Received  for  publication  11  February  1977) 

1.  Cole,  A.  E.  , andKantor,  A..J.  (1975)  Tropical  Atmospheres,  0 to  90  km, 

AFCRl.-T  H-75-0527. 

2.  Kantor,  A.  .1.  , and  Cole,  A.  E.  (1976)  Monthly  M idlatitude  Atmospheres,  Surface 

to  90  km,  AFGI.-TR-76-0140. 
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available  from  observations  taken  at  locations  near  latitudes  fiO°  and  7r)°N  for  a 
relatively  detailed  analysis  of  the  seasonal,  day-to-day,  latitudinal,  and  longi- 
tudinal (140^\V  to  10°\\)  variations  of  the  thermodynamic  properties  of  the  atmos- 
phere for  altitudes  up  to  at  least  50  km.  A much  smaller  number  of  measure- 
ments from  grenade,  pressure  gauge,  and  falling  sphere  experiments  are  avail- 
able for  altitudes  between  50  and  90  km.  Due  to  the  sparsity  of  data  above  50  km, 
the  periodic  and  day-to-tlay  variations  that  are  given  for  these  altitudes  are  more 
speculative  than  those  provided  for  altitudes  below  50  km. 

For  the  purposes  of  this  report,  both  meteorological  rocket  network  (MHN'l  and 
experimental  rocket  data  were  combined  with  radiosonde  observations  to  produce 
temperature,  pressure,  and  densit,/  models  from  the  surface  to  90  km.  Hecause 
the  three  sets  of  data  are  for  different  periods  of  record  and  were  obtained  with 
different  types  of  sensors,  some  subjective  judgment  was  exercised  to  obtain  smooth 
temperature-height  profiles  in  areas  where  data  sets  overlapped. 

2.  BASIC  ASSl  MmoNS  AM)  KOKMl  l.AS 

The  monthlv  atmospheres  are  defined  by  temperature-altitude  profiles  in  which 
vertical  gradients  of  temperature  are  linear  with  respect  to  geopotential  altitude. 

It  is  assumed  that  the  air  is  dry,  is  in  hydrostatic  equilibrium,  and  behaves  as  a 
perfect  gas.  The  molecular  weight  of  air  at  sea  level,  28.9644  kg(k-mol)  is 
assumed  to  be  constant  to  90  km.  Actually,  dissociation  of  molecular  oxygen  begins 
to  take  place  near  80  km  and  molecular  weight  starts  decreasing  slowly  with  height. 
Consequently,  the  molecular-scale  temperatures  given  in  Appendix  A for  alti- 

tudes above  80  km  are  slightly,  but  not  significantly,  larger  than  the  ambient  kine- 
tic temperature  (T),  as  T^j  = (Mo/M'T,  where  Mo  is  sea-level  molecular  weight 
and  M is  the  molecular  weight  of  air  at  a specific  altitude.  Molecular  weight  is 
constant  below  80  km;  therefore,  molecular-scale  and  ambient  temperatures  are 
identical  at  these  altitudes. 

.Numerical  values  for  the  various  thermodvnamic  and  physical  constants  used 
in  computing  the  tables  of  atmospheric  properties  (Appendix  A'  for  the  mean  monthlv 
arctic  and  subarctic  atmospheres  are  identical  to  those  used  in  the  preparation  of 
the  U.  S,  Standard  Atmosphere,  1976,  with  two  exceptions.  Surface  conditions  for 
the  60“N  and  75 °N  atmospheres  are  based  on  mean  monthly  sea-level  values  of 
pressure  and  temperature  for  the  appropriate  latitude  rather  than  on  standard  con- 
ditions. The  acceleration  due  to  gravitv  at  sea  level  for  latitudes  60°  and  75°N 

3 

were  obtained  from  the  following  expression  by  I.ambert  in  which  gravitv,  g, 
varies  with  latitude  6: 

3.  l.ist,  R.  .1.  (ed)  (1968)  Smithsonian  Meteorological  Tables,  Smithsonian  Inst. 

Press,  Washington,  D.  ('. 
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g,  = 9.  78035()  (1  4 0.0032885  sin“  0 - 0.0000059  sin"  20>  . O) 

The-  values  for  sea-level  gravitv  from  I.ambert's  formula  for  latitudes  G0°  and  75°.\ 

- 2 

vire  9.81911  and  9.  82HG0  m sec.  , respectively. 

2.1  llif  Sialic  Aliiiosplicrc  and  IVrIecI  (las  Ijw 

The  air  is  assumed  to  be  in  hydrostatic  equiliVjrium  and  to  satisfy  the  differen- 
tial equation 

dP  = -(}  g<iZ  (2) 

which  relates  air  pressure  (P)  to  density  (p).  acceleration  of  free  fall  (g),  and 
height  (Zl.  The  perfect  gas  law  relates  air  pressure  to  density  and  temperature  as 
follows: 

'I’m 

T-V  ‘*1  / O \ 


3 .-1  “1 

where  R is  the  universal  gas  constant,  8.31432  10  joules  K (k-mol) 


2.2  r,e<»|M>lcnlial 

The  relationship  between  geopotential  altitude  and  geometric  altitude  is  the  same 
as  that  used  for  the  P.  S.  Standard  Atmosphere  Supplements,  1966: 


where  H is  the  geopotential  altitude,  Z the  geometric  altitude,  r^  the  effective  earth 
radius,  g the  sea-level  value  for  acceleration  of  gravity  at  a specific  latitude  6,  as 

0 3 

given  by  Lambert's  equation,  and  (9,  806651  the  sea-level  value  of  the  accelera- 
tion of  gravity  adopted  for  the  U.  S.  Standard  Atmosphere. 

2.3  Pressure 

Vertical  distributions  of  pressure  were  computed  from  appropriate  temperature- 
height  profiles  and  associated  mean  monthly  surface  pressures,  according  to  the 
following  barometric  equations: 


Mh+  I.h 


(I.  = 0) 


(6) 


exp 


/-g 

M h 

/ , Q 

o 

r 

"^Mb 

where  h = 11  - llj^;  11^  is  the  geopotential  altitude  at  tlie  base  of  a particular  layer 
characterized  by  a specific  value  of  1.,  wiiich  is  the  vertical  gradient  of  molecular- 
scale  temperature  with  geopotential  height;  and  1 and  are  the  respective 
values  of  temperature  and  pressure  at  altitude  llj^. 


;i.  DATA 

Initial  sea-level  pressures  for  each  atmosphere  were  taken  from  mean  monthly 

4 5 

sea-level  charts  for  the  Morthern  Hemisphere.  ’ ' Mean  monthly  temperature- 

height  profiles  for  altitudes  up  to  30  km  were  obtained  for  latitudes  60°  and  7 3°N 

6-9 

by  giving  equal  weight  to  radiosonde  temperatures  interpolated  for  each  10 
degrees  of  longitude. 

Temperature  and  density  distributions  between  30  and  55  km  are  based  on  M HN 
observations^^  taken  at  the  locations  given  in  Table  1 and  the  sets  of  5-,  2-,  and 
0.4-mb  constant-pressure  maps  prepared  on  a weekly  basis  for  the  years  1964 
through  1968  and  from  danuary  1972  through  dune  1973.  The  MRN  data  were 

corrected  as  suggested  by  Krumins  and  l.yons^"  for  altitudes  between  30  and  50  km. 
Since  thermistor  measurements  are  subject  to  large  corrections  above  50  km, 
they  were  not  used  for  altitudes  above  50  km.  The  temperature  distributions  be- 
tween 50  and  90  km  are  based  on  values  derived  from  grenade,  falling  sphere,  and 

1 8**  3 2 

pressure  gauge  experiments  conducted  at  locations  indicated  in  Table  1. 

Temperature-height  data  were  also  taken  from  mean  monthly  pressure-height 

maps  for  5-,  2-,  and  0.4-mb  levels.  These  maps  were  developed  from  grid- 

point  data  taken  from  a series  of  weekly  pressure-height  maps  prepared  by  the 

1 1 “ 1 6 

National  Meteorological  Center.  Mean  .lanuary  and  .luly  pressure-height 

and  temperature  maps  for  the  0.4-mb  level  are  shown  in  Figures  1 and  2.  During 
the  winter  months  there  is  considerable  longitudinal  asymmetry  in  the  mean  month- 
ly temperature  and  pressure  patterns  north  of  45°  latitude.  In  summer  the  cir- 
culation patterns  are  nearly  symmetrical  about  the  pole,  and  the  mean  monthly 
isotherms  and  pressure-height  contours  at  these  altitudes  parallel  the  latitude  circles. 


fRecause  of  the  large  number  of  references  cited  above,  they  will  not  be  listed 
here.  See  References  on  page  41  for  References  4 through  32.  1 
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'I'able  1.  Observational  Sites 


Meteorological  Rockets 

Stations 

Latitude 

I .ongitude 

Period  of  Record 

U hite  Sands 

X 

0 

C^l 

CO 

I0(!°W 

■ Ian  l''G5  — Dec  197  5 

Point  Mugu 

34  “\ 

1 19°W' 

■ Ian  1965  — Doc  1975 

W allops  Island 

38°  N 

73°  W 

Ian  19G5  — Dec  1975 

Volgograd 

49“\ 

44  °F 

■ Ian  1988  - Dec  1974 

She  my  a 

53°V 

174°F 

• Ian  1975  — Mar  1978 

Primrose  Lake 

SS'-N 

nn°w 

.\pr  in67  — Deo  1P75 

W est  (ieirinish 

37  °\ 

7°W 

• Ian  1985  - Jan  1972 

Churchill 

59°  \ 

94  °W 

Jan  1985  — Dec  197  5 

Ft.  C'.reelv 

54  °\ 

146°W 

Jan  1985  — Dec  1975 

Thule 

77°N 

G9°W' 

Jan  1965  — Dec  1975 

Meis.s  Island 

81°N 

58  °K 

■ ian  1968  — Doc  1974 

Fxpei'imental  Ibickcts 

W oomera 

3I°S 

137  K 

1957  - 1973 

Ascension  Island 

H S 

14  W 

1964  - l'^65 

N'atal 

fi  S 

33  W 

19GG  - 1968 

Kourou 

3 ■■  N 

52  W 

1971 

W hite  Sands 

32°N 

108  W 

1965  - 1971 

W allops  Island 

38  °N 

7 ."j  'u 

1961  - 1971 

Churchill 

aO'N 

U4  'W 

1957  - 1971 

Barrow 



157°W 

1965  - 1972 

I.  ANAI.VSI'J 

Medians  of  monthly  temperatures  and  densities  were  derived  at  n-km  intervals 
of  altitude  between  30  and  90  km  from  meteorological  and  experimental  rocket  ob- 
servations taken  at  the  locations  given  in  Table  1.  Bimonthly  running  medians  were 
obtained  for  altitudes  and  locations  where  data  for  one  or  more  months  were  missing. 

The  median  monthly  temperatures  and  densities  for  each  location  and  level  wer«> 
subjected  to  harmonic  analysis  for  annual  and  semiannual  cycles.  The  analyses 
smoothed  the  data  and  gave  regression  equations  of  the  form 

V = T + Aj  sin(x+0j'  -^2  2X+O2' 

where  A is  amplitude,  V is  either  density  or  temperature,  is  the  mean  annual 

v'alue,  X = iz,  z = 360°/period,  i = o,  1,2 11,  where  o represents  13  .lanuary, 

I represents  15  February,  etc. 
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TEMPERATURE  (“K) 


C'ur\ps  representiiiff  thf  sum  of  the  imiiia!  iiv!  scmi  iiimi  il  csclf'  of  tcnippr.i- 
tiire  for  altitudes  between  and  80  km  are  shown  in  I iyuie  1 for  < iiuri  liill.  I (irt 
fii-eclv,  Thule,  and  I’oint  Harrow.  Curves  for  attitirb'S  lietwi-t-n  10  and  SO  km  are 
based  on  MHN  observ  itions;  those  for  altitudes  above  "lO  km  ar-e  based  on  experi- 
mental observations. 


-f — r — r I 1 I 1 T t — r i 


I iyiire  '1.  Sum  of 
the  \nniial  and  Semi 
.nnual  Temperature 
Cvcles  ( ibserved  at 
Chiirrhill,  I'ort 
Creeh.  Ha.rrow,  -.n 
Thule 


Monthly  tenipcr.iture.s  fi'om  the  indivi'Kinl  harmonic  curves  ami  from  the  nu-'m 
montlily  maps  for  a,  2,  ami  0.1  ml)  vvei-e  jdotted  vs  latitude  for  fi-kni  iieigtit  in- 
crements between  00  and  HO  km.  Kstimates  of  the-  temperatures  at  00  and  70  \ 
were  tlien  oittainod  !>v  fitting  latitudinal  temperature  curves  to  tliese  d d ..  Third 
degree  polynomial  curves  appeared  to  provide  reasonal)le  estimates  of  tlie  tempera- 
tures at  1:')°  intervals  of  latitude  from  tlie  Nortii  Pole  to  the  lipu  itor  at  altitudes 
below  55  km  wliere  data  are  relatively  plentiful  as  well  as  at  altitudes  aijove  55  km 
during  the  summer  montiis  when  longitudinal  and  latitudinal  temperature  variations 
are  relatively  small.  However,  during  the  Northern  ilemispi’.ere  winter  wiien  longi- 
tudinal ami  latitudinal  temperature  variations  are  large,  especially  above  50  kn., 
the  polynomials  do  not  provide  realistic  estirriates  of  the  latitudinal  temperature 
gradients  foi'  altitudes  V>etween  50  and  00  km.  Fourth  and  fifth  degree  polynomial 
fits  provided  even  poorer  estimates.  Third  degree  polynom.ial  curves  for  danuary 
and  July  at  30  and  75  km  are  shown  in  Figures  4 and  5,  and  examples  of  the  sub- 
jective curves  used  for  the  60-,  70-.  and  80-km  levels  in  January  are  stiown  in 
I'igure  5. 
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I'igure  4.  Latitudinal  Distribution  of  Mean  Monthly  30-km 
Temperatures  for  January  and  July 
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I'igure  5.  Latitudinal 
Distriljution  of  Mean 
Monthly  75-km 
Temperatures  for 
■lanuarv  and  .luly 
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Figure  6.  Subjective  Curves  for  Mean  Monthly  60- , 7 0-,  and 
80-km  Temperatures  in  January 


Median  monthly  temperatures  were  obtained  from  available  soundings  for  1-km 
intervals  of  altitude  from  45  to  55  and  75  to  85  km.  These  were  analyzed  to  obtain 
realistic  estimates  of  the  variations  in  height  and  thickness  of  the  isothermal  layers 
associated  with  the  stratopause  and  mesopause.  Time  cross-sections  of  the 
adopted  monthly  temperatures  for  60°  and  75°N  are  shown  in  Figures  7 and  8 for 
altitudes  between  10  and  90  km. 

The  temperature-height  profiles  adopted  for  each  of  the  monthly  atmospheres 
at  60°  and  75°N  are  defined  in  Table  2,  The  vertical  temperature  gradients  be- 
tween breakpoints  are  linear  with  geopotential  altitude. 
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Oensities  computed  from  the  temperature-height  profiles  that  were  adopted  for 
the  monthly  atmospheres  for  60°  and  75°N  are  compared  to  observed  values  at 
Churchill,  Fort  Oreely,  and  Primrose  l^ake  in  Figure  9,  and  to  tliose  at  Harrow  and 
Tliule  in  Figure  10.  Densities  are  given  as  percent  departures  from  1976  standard 
densities.  The  observed  densities,  which  are  based  on  MHN  measurements  for  alti- 
tude between  30  and  50  km,  are  in  good  agreement  with  the  models.  However,  model 
densities  for  the  summer  months  at  altitudes  above  50  km  are  higher  than  the  ob- 
served values  derived  from  grenade,  pressure  gauge,  and  falling  sphere  experi- 
ments at  Churchill  and  Barrow.  Much  of  these  summer  differences  may  be  due  to 
variations  in  observation  times.  Model  temperatures  for  altitudes  between  25  and 
55  km  are  based  on  MRN  measurements  normally  taken  close  to  local  noon,  where- 
as the  experimental  temperature  observations,  on  which  the  densities  at  altitudes 
from  55  to  90  km  are  based,  are  usually  taken  during  twilight  hours  when  tempera- 
tures between  20  and  55  km  are  normally  lower. 

Due  to  warmer  daytime  temperature  at  altitudes  from  25  to  50  km,  the  MKN 
densities,  which  are  essentially  the  same  as  the  model  densities  at  50-  and  55-km 
altitudes,  are  higher  than  densities  derived  from  grenade  and  pressure-gauge  ex- 
periments for  55  km.  This  bias  between  the  model  and  experimentally  observed 
densities  appears  at  all  altitudes  between  55  and  90  km.  The  differences  between 
the  model  densities  and  observed  values  at  specific  locations  during  the  winter 
and  transitional  months  is  partially  due  to  longitudinal  variations  in  the  mean 
monthly  density  structure  at  these  latitudes  as  well  as  to  latitudinal  differences  in 
that  Barrow  is  at  71°N  and  Churchill  is  at  59°N.  The  observed  phases  and  ampli- 
tudes of  the  annual  and  semiannual  oscillation.s  of  density  above  50  km,  how'ever, 
are  in  good  agreement  with  the  models. 

6.  I,()N(;ITI  DINAL  VARIATIONS 

In  order  to  illustrate  the  magnitude  of  the  longitudinal  variations  in  arctic  and 
subarctic  regions  during  winter,  atmospheric  models  depicting  mean  .lanuary  condi- 
tions between  the  surface  and  55  km  were  developed  at  10°,  100°,  and  I40°\V  for 
60°N  and  at  10°  and  140°\V  for  75°N.  The  models  are  based  on  radiosonde  obser- 
vations, constant-pressure  maps  at  5,  2,  and  0.4  mb,  rocketsonde  observations, 
hydrostatic  build-up  techniques  from  the  5-  and  10-mb  levels,  and  tiie  thermal 
wind  equation.  Tables  of  the  atmospheric  properties  for  tliese  lanuary  models  at 
60°  and  75°N  are  given  in  Appendix  A;  temperature-height  profiles  are  shown  in 
Figures  11  and  12,  respectively,  and  are  defined  in  Table  3. 
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Figure  P.  Comparison  of  Observed  Densities  at  Churchill, 
Ft.  Greelv,  and  Primrose  Fake  With  Model  Densities  for 


The  ienriit v-heit;ht  profiles  for  the  GO  N January  models  developed  for  lO’, 

100  , ami  140*’\\  (I'T^'ure  IJ)  indieate  that  the  lont;iludinal  variation  in  mean  njonthly 
densities  at  -10  km  in  winter  ranyes  from  5 percent  less  than  standard  at  140°W  to 
20  ftereent  less  at  lO'^W  . Density  firofiles  for  lonstitudes  10°  and  140°W  at  75°N 
(I'igure  14)  indicate  that  the  longitudinal  variability  is  slightly  smaller  at  "5  \ than 
at  60  The  lowest  mean  monthly  densities  between  25  and  55  km  occur  at  10°\V 
at  both  60°  and  7 5°  X.  This  region  is  normally  umier  the  influence  of  the  polar 
cyclone  that  is  usually  displaced  toward  the  Kurasian  continent  in  winter.  The  high- 
est densities  between  35  and  55  km  occur  at  140°\V,  reflecting  the  presence  of  the 
Aleutian  anticyclone  that  normally  extends  well  into  the  mesosphere  in  winter.  At 
60°  X significant  longitudinal  variations  in  density  are  evident  at  altitudes  (Figure 
13),  except  at  fi  km,  the  isopycnic  level,  whereas  at  75°X  (Figure  14)  longitudinal 
v'ariations  only  become  significant  above  25  km. 
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Figure  13.  Density-Height  Profiles  for  the  60° X Models  at 
10°,  100°,  and  14()°\V 


Figure  14.  Density -Height  Profiles  for  the  75°N  Models  at 
lO’  and  140nV 


7.  ANM  Al,  AM)  SKMIANMJ AI,  VARIATION.S 

The  horizontal  and  vertical  patterns  of  the  phases  (time  of  maximum)  and  ampli- 
tude of  the  annual  and  semiannual  cycles  of  temperature  and  density  are  important 
considerations  in  the  development  of  internally  consistent  sets  of  monthly  reference 
atmospheres  between  the  Fquator  and  the  Xorth  Pole.  Consequently,  vertical 
profiles  of  the  phases  and  amplitudes  of  the  annual  and  semiannual  oscillations  of 
ten.perature  and  density  in  arctic  and  subarctic  locations  have  been  constructed  and 
are  shown  in  Figures  15  and  16.  The  portions  of  the  profiles  that  extend  from  30  to 
55  km  are  based  on  MRN  observations,  and  the  portions  for  altitudes  from  55  to 
90  km  are  based  on  an  analysis  of  experimental  rocket  observations.  The  phases 
and  amplitudes  of  the  annual  temperature  cycles  (Figure  15a)  are  similar  at  Thule, 
Primrose  I.ake,  Churchill,  and  Barrow.  The  outstanding  feature  of  the  profiles  is 
the  abrupt  change  in  phase  between  60  and  7 0 km.  At  altitudes  below  60  km  maxi- 
mum temperatures  occur  in  June  or  July,  and  at  levels  above  70  km  maximum 
values  occur  in  December  and  January.  The  observed  amplitude  of  the  annual 
temperature  component  in  arctic  and  subarctic  regions  decreases  from  20‘’K  near 
40  km  to  roughly  8°K  at  65  km  atnithen  increases  with  altitude  to  about  40'’K  at 
90  km . 
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The  first  maximum  in  the  semiannual  lempe-ature  cyole,  Fimire  Ifib,  occurs 
in  April  at  altitudes  between  75  and  i)0  km  and  i..  propa(>ated  downward,  reaching 
50  km  in  July  or  August.  Amplitudes  are  less  than  4°K  between  JO  and  50  knj  and 
are  4 to  9°K  between  50  and  90  km. 

I'he  annual  density  oscillations.  Figure  16a,  are  proftagated  downward  from  the 
mesopause.  Maximum  densities  occur  in  late  ,Iune  at  80  km,  early  .July  at  50  km, 
and  mid  July  at  30  km.  The  amplitudes  increase  with  altitude  from  roughly  10  per- 
cent at  30  km  to  40  or  50  percent  at  7 5 km.  Variability  decreases  above  75  km. 

The  semiannual  density  oscillations.  Figure  16b,  reach  maximums  in  mid  or 
late  January  and  July  at  altitudes  between  30  and  50  km.  The  phases  are  ill- 
defined  between  50  and  65  km  where  tlie  amplitude  approaches  zero.  Maximums 
occur  around  the  first  of  January  ami  July  at  altitudes  between  65  and  80  km. 
.Amplitudes  are  1 to  2 percent  at  60  km  and  6 to  12  percent  at  80  km. 


8.  I)A^-K)-I)\^  \ \KI\TU)N.'< 

.At  latitudes  60°  and  75  X the  observcil  day-to-ilay  variations  in  temperature 
and  <lensity  at  altitudes  up  to  80  km  are  much  larger  in  winter  than  in  summer. 
Fstimates  of  the  median  temperatures  and  Icnsitics  and  high  and  low  values  equalled 
or  e.xceeded  1,  10.  and  20  percent  of  the  time  In  .Inly  and  .ianuary  are  given  in 
Tables  4 and  5 at  5 -km  increments  of  altitude.  The  t'stimates  are  based  on  data 
derived  from  an  analysis  of  lndivi<lual  radiosonck'  and  rocket  observations  taken  in 
the  Northern  Hemisphere  at  locations  near  60  and75°N.  Standard  deviations  were 
not  used,  as  the  temperature  and  density  observations  taken  in  the  upper  stratos- 
phere during  the  winter  months  are  not  normally  distributed  about  themonthivn  ean.s. 

Percentile  values  for  Churchill  were  obtained  graphicallv  from  plots  on  itrob- 
ability  paper  and  are  compare<l  in  Table  6 with  those  obtained  by  using  mean  and 
standard  deviations  for  the  same  set  of  data.  The  10-percent  high  and  low  values 

and  the  1 -percent  high  values  obtained  by  the  two  methods  are  nearly  the  same  in 

33 

Julv,  hut  are  considerablv  different  in  .Ianuary.  Previous  analyses'  ' of  stratos- 
pheric temperatures  and  lensities  at  altitudes  above  30  km  have  shown  that  the 
thermodvnamic  itroperties  of  the  atmosphere  tend  to  have  a bimodal  distribution 
during  the  winter  n onths  due  to  sudden  warmings  of  the  stratosphere.  In  other 
months  the  ilistrihutions  appear  to  he  nearly  normal.  Confidence  iti  the  estimateil 
frequency  distributions  of  dailv  values  decreases  rajtidlv  with  altitude  above  50  km, 
<lue  to  the  limited  number  of  ohservtitions  that  are  available  at  the  higher  altitudes 
near  60  and  75  X'.  Due  to  this  lack  of  data,  only  estimated  median  \ allies  are 
given  in  Tables  4 and  5 for  lev'cls  above  55  km  at  d.A’X'  in  .lulv. 

33.  Cole,  \.F.,  and  Kantor,  A..I.  (Ilt74)  Periodic  ( iscil  lations  in  the  Stratosphere 
and  Mesosphere,  A !■'(  PI,  - TH  -7  4 -0504. 
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lUuidom  instrumentation  errors  are  inrliule'l  in  the  ot)servations  that  were 
used  to  determine  the  frer|uency  (iistrit)utions  of  tiie  temperatures  and  densities  given 
in  Tat)les  4 and  5.  The  actual  range  of  tlie  day-to-day  variations  would  he  slightly 
smaller  if  the  random  instrumentation  errors  were  removed.  The  estimrded  ran- 
dom root-mean-square  (rms)  instrument  errors  obtained  from  recent  studies  for 
radiosonde  and  meteorological  rocket  observations'’  a,-e  given  below': 


Sensor 

.Altitude 

Density 

T emperature 

(kml 

nrn 

Kadiosonde 

0 to  30 

A 

o 

'JY 

0.  2 

Met  Rocket 

30  to  50 

0.  5 to  1.6 

0.  2 to  2.  0 

Very  little  information  has  been  p\iblished  on  the  random  observational  errors 

associated  with  temperatures  and  densities  derived  from  grenade,  falling  sphere, 

and  pressure  gauge  experiments  for  altitudes  between  50  and  80  km.  firenade  and 

pressure  gauge  limitations  based  on  theoretical  studies  are  described  in  \ASA 
18-26 

reports. 

\either  extreme  temperatures  nor  extreme  densities  occur  simultaneously  at 

all  altitudes.  Consequentl v.  the  data  in  Tables  4 and  5 cannot  be  used  to  represent 

35 

extreme  density  and  temperature-height  profiles.  The  results  of  previous  studies 

indicate  that  correlation  coefficients  between  densities  at  different  levels  decrease 

e.xponentially  witli  altitude.  The  decay  in  correlation  w'ith  altitude  for  levels  above 

8 km  (the  isonvcnic  level'  is  approximated  reasonably  well  by  the  equation  r,  = exp 

35  " 

(-ah'  where  h is  the  layer  separation  in  km  and  a equals  0.  05-0.  08.  That  study 
also  shows  that  densities  immediately  above  the  isopycnic  level  are  negatively  cor- 
related with  those  below  it.  Additional  research  is  being  completed  on  interlevel 
and  spatial  correlations  for  the  region  between  30  and  60  km.  Preliminary  studies 
have  shown  a strong  negative  correlation  between  extreme  winter  temperatures  at 
the  stratopause  and  those  at  the  mesopause. 


mi  KN  \l.  \ \K  I util. I IT  Oh  m N.'tn  Y 


During  the  equinox  of  10  and  20  March  1074,  seven  meteorological  rockets 
(l.oki  Datasonde  Systems'  were  launched  within  a 24-hr  period  at  Churchill.  The 
launchings  were  part  of  :m  experiment  initiated  by  \.\SA^®  to  examine  the  diurnal 

34.  t.enhard,  H.  W . (1073'  \ revised  assessment  of  radiosonde  accuracy.  Dull.  .Am. 

Meteorol.  Soc.  . 54:601-603. 

— , . 

35.  Cole,  .\.  K.  . and  Court,  A.  (10621  Density  Distribution  Interlevel  Correlations 

and  \'ariation  with  Wind,  A l-'C  HI.-6  2-8  I 5. 

36.  .Schmidlin,  I'..'..  Yamasaki,  Y . , Motta,  A.,  and  Brynsztein,  S.  (1075 

Diurnal  Kxperiment  Data  Report,  March  10-20,  1074,  N.YS.Y  S P-3 005. 
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variations  in  the  structure  of  the  upper  stratosphere  and  lower  mesosphere.  Cor- 
rections to  the  observed  temperature  data  were  applied  following  the  recommenda- 

17 

tions  of  Krumins  and  Lyons.  Densities  computed  from  the  corrected  temperature 
profiles  for  30,  40,  and  50  km  were  subjected  to  harmonic  analysis.  Figure  17,  for 
diurnal  and  semidiurnal  cycles.  The  combined  amplitudes  of  the  computed  diurnal 
and  semidiurnal  oscillations  are  approximately  0.7,  1.4,  and  2.4  percent  of  the 
daily  mean  at  30,  40,  and  50  km,  respectively.  The  harmonic  analysis  explains 
82.  47,  and  96  percent  of  the  total  variance  at  30,  40,  and  50  km.  The  observed 
amplitudes,  however,  are  not  much  larger  than  the  estimated  rms  observational 
errors  that  range  from  0.4  percent  at  30  km  to  1.7  percent  at  50  km.  The  ampli- 
tude of  2.4  percent  at  50  km  is  nearly  the  same  as  the  amplitude  of  the  diurnal 

2 

densitv  oscillation  observed  at  Wallops  Island  (38°N1  and  sligbUy  more  than  one 
half  the  4-percent  amplitude  observed  in  the  Tropics.  ' This  is  in  agreement  with 
theory  that  preuicts  larger  amplitudes  in  the  diurnal  oscillations  at  these  altitudes 
in  the  Tropics  than  at  other  latitudes. 


F'igure  17.  Sum  of 
the  Diurnal  and 
Semidiurnal  Density 
Oscillations  Ob- 
served at  Churchill 
on  19-20  March  1974 


36 


10.  .>;|'A  I I \l.  V AKlAim.l  l V OK  DK.ASITY 


Mean  monthly  latitudinal  density  gradients  between  latitudes  (i0°  and  are 

shown  in  Table  7 for  altitudes  between  40  and  80  km.  Densities  at  these  levels  de- 
crease toward  the  Pole  in  .lanuary  and  toward  the  Equator  in  .Inly.  The  gradients 
at  all  levels  are  largest  in  .lanuary,  with  the  maximum  gradient  occurring  near 
70  km.  There  are  relatively  large  day-to-day  variations  around  the  mean  monthly 
gradients  at  any  particular  level  and  location  due  to  changes  in  synoptic  conditions. 


Table  7.  Mean  Monthly  Latitudinal  Density  Gradients 
(percent  change  per  degree  of  latitude  in  the  direction 
of  the  Pole)  Between  60° N and  7,5 °N) 


.Altitude  (km) 

■Ian 

Apr 

• luly 

Oct 

40 

-1.  1 

-0.  1 

* 0.  2 

-0.  0 

50 

-1.1 

-0.  4 

4 0.  3 

-1.1 

60 

-1.1 

-0.4 

+ 0.  4 

-0.  9 

70 

-1.  2 

-0.  4 

4 0.  9 

-0.  9 

80 

-1.  1 

-0.4 

4 1.  1 

-0.  9 

ECstimates  of  the  density  gradients  that  are  equalled  or  exceeded  5 percent  of 
the  time  in  .lanuary  and  .luly  at  altitudes  betw'een  40  and  60  km  are  presented  in 
Table  8 for  the  region  between  60°  and  75°N.  These  estimates  are  based  on  the 
standard  deviations  of  the  day-to-day  variations  at  Churchill,  the  mean  seasonal 
density  gradients,  and  the  assumption  that  the  correlation  coefficient  between  den- 
sities at  two  points  at  the  same  altitude  300  miles  apart  is  0.  06. 


Table  8.  Estimates  of  Density  Ci  radients  That  are  Equalled  or  Exceeded  5 Percent 
of  the  Time  in  .lanuary  and  .Euly  Between  60°M  and  75°\.  Gradient  is  given  as 
percent  change  per  60  nautical  miles  when  going  from  high  to  low  density 


Altitude  (km) 


Winter  Gradient  (%) 


Summer  Gradient  (%) 


I 


where  is  the  rms  difference  in  the  density  at  two  points  300  miles  apart; 

o is  the  standard  deviation  of  density,  which  is  assumed  to  be  constant 
for  300  miles;  and 

p is  the  correlation  coefficient,  which  is  assumed  to  be  0.  90,  at  points 
300  miles  apart. 

Zero  mean  seasonal  gradients  were  assumed  in  calculating  the  east-west  gr;idients, 
whereas  the  mean  seasonal  gradients  in  Table  7 were  used  in  calculating  the  iiortli- 
south  extremes. 

As  prev'iouslv  mentioned,  temperature  and  density  distributions  at  these  levels 
in  winter  tend  to  be  bimoiial  rather  than  normal.  The  data  in  Table  6,  howe\  er, 
indicate  that  standard  deviations  provide  a conservative  estimate  of  the  10  and  1 
percent  values  of  density  at  Churchill.  Consequently,  estimates  of  densitv  gra- 
dients based  on  standard  deviations  will  be  on  the  high  (or  conservative)  side  of  the 
actual  gradient. 

The  decays  in  correlation  between  temperatures  and  between  heights  of  pres- 
sure surfaces  with  increasing  distance  between  points  at  the  0.  4-mb  (55  km'  and 
2-mb  (43  km)  surfaces  were  computed  at  60“  and  75°N.  Plots  for  pressure  heights 
in  winter  at  2 and  0.4  mb  are  shown  in  Figure  18.  The  data  are  from  a 5-year 
sample  of  constant-pressure  maps  for  0.4-  and  2-mb  levels.  It  w'as  assumed 

that  the  decay  in  correlation  between  densities  at  two  points  wdth  increasing  hori- 
zontal separation  would  be  similar  to  that  for  temperature  and  pressure  height. 

since  all  three  parameters  show  a similar  decay  in  correlation  with  distance  at 
37 

radiosonde  levels. 


37.  Bertoni,  F..  A. , and  Lund,  I.  A.  (1964)  Winter  Space  Correlations  of  f“ressure. 
Temperature,  and  Density  to  16  km,  AFCRL-64- 1020. 
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Figure  18.  Horizontal 
Decay  of  Pressure - 
Height  Correlation  as 
a I'‘unction  of  Distance 
Between  Stations  at 
0.  4 mb  and  2 mb 
Near  60°N 
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II.  CONCl.l  .'ilON.'^ 

• The  range  of  mean  monthly  temperatures  and  densities  at  altitudes  between  10 
and  90  km  are  given  below  for  60°  and  75°N: 


-Altitude 


lean  .Annual 
Temp 


60  °N 

Range  ot  Mean 
Monthly  Temp 

(°k) 

217  to  225 

214  to  225 

215  to  239 
226  to  265 
249  to  281 
241  to  259 
213  to  242 
166  to  222 
149  to  221 


lean  Annual 
T emp 
) 


Range  of  Mean 
Monthlv  Temp 

(°k) 

214  to  228 
204  to  230 
209  to  243 
225  to  268 
249  to  286 
242  to  288 
212  to  244 
161  to  224 
143  to  221 


60 ’N 

75’N 

-Altitude 

Mean  .Annual 
Density 

h ange 

(%)  of 

Mean  Annual 
Density 

Range  (%)  of 

(km) 

(kg /nr’) 

■\I  )nthly 

Density 

(kg/m-^) 

Monthly  Density 

10 

4. oiaaxio"' 

-3. 4 to  * 

3.  5 

3.8650X10*' 

-1.  to  < 3.3 

20 

8.  6429X10*“ 

-5. 7 to  • 

5.  5 

8.  3365X10*^ 

-5.9  to  *7.5 

30 

1.  816.5X10*^ 

-9. 0 to  • 

8.  1 

1. 7292X10*^ 

-15.  5 to  • 14. 4 

40 

3. 9919X10*^ 

-14. 9 to 

• 15.  7 

3.7627X10*® 

-24.  6 to  -26.  5 

50 

1. 007  8X10*^ 

-25. 7 to 

*27.5 

0.  4037X10*“' 

-32.  5 to  *42.  6 

60 

2.  9698X10"^ 

-33. 8 to 

•35.  7 

2. 82.57X10*'' 

-40.  6 to  • 50.  0 

70 

8.  1042X10*^ 

-37.7  to 

•45.  5 

7. 9281X10*® 

-45.  9 to  *67.4 

80 

1.  8862X10*^ 

-30.  7 to 

*42.  1 

1. 8742X10*® 

-41.  1 to  *62.  8 

90 

3. 4077X10*® 

-18.  9 to 

* 22.  9 

3.  2127X10*® 

-23.  1 to  -22. 3 

• Longitudinal  variations  in  the  mean  monthly  temperature  and  density -height 
profiles  for  altitudes  below  60  km  are  largest  in  wir'er  in  arctic  and  subarctic 
regions.  The  maximum  longitudinal  variations  in  the  mean  monthly  densities, 
nearly  20  percent,  occur  at  45  km  between  10’  and  140“\V.  I.ongitudinal  variations 
in  the  mean  monthly  temperatures  are  greatest,  14 °K,  near  .30  km. 

• Density  and  temperature  observations  in  the  stratosphere  are  not  normally  dis- 
tributed around  the  monthly  means  during  the  winter  months.  I'requency  distribu- 
tions rather  than  standard  deviations  are  needed  to  obtain  accurate  estimates  of  the 
probability  of  occurrence  of  exdreme  values  at  these  altitudes.  Estimated  high  and 
low  values  of  densities  that  are  equalled  or  exceeded  1 percent  of  the  time  at 
Churchill  in  .January  at  40  km  are  ^5  and  -20  percent  of  standard.  .Analogous  values 
for  60  km  are  0 and  -53  percent. 

# .Available  data  indicate  that  the  amplitudes  of  the  diurnal  variations  of  density 
at  altitudes  between  30  and  50  km  range  from  1 to  2.  5 percent  during  the  vernal 
equinox  at  60’  and  75°N.  Additional  observations  are  requii  <?d  before  the  i-  agnitude 
of  the  diurnal  oscillations  of  density  and  temperature  can  be  more  accuratelv  deter- 
mined, especially  for  altitudes  above  50  km. 

# Horizontal  density  gradients  in  the  upper  stratosphere  are  greatest  in  the  winter 
in  these  regions.  The  density  gradient  that  is  equalled  or  exceeded  5 percent  of  the 
time  in  .January  at  50  km  is  estimated  to  he  a 2.3  -percent  change  tier  60  nautical 
miles. 
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Appendix  A 

Tharmodynamic  Properties  of  the  Arctic  arrd 
Subarctic  Atmospheres 
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Table  Al,  Mean  Monthly  'rhermotlynaniic  Properties  at  60®N 


\ltlUivlc 

— 

“ ■ 

..  — — 

_ - . 

_ 

i eh. 

Mj; 

\pn) 

Mj> 

June 

Jul> 

AUf! 

Sej't 

Hel 

Nitv 

I)e. 

AdmujI 

M MIM  KAILKI  (k» 

O.IKH) 

' 15 

25ct  65 

26 1 65 

2»'9  15 

2'6  (i5 

282  65 

28'  15 

284  !5 

281  15 

275.15 

26(>  15 

259  15 

2''l  40 

>.(KK) 

240.43 

244  88 

245  63 

250  (3 

253  2.3 

259  63 

260  ! 3 

262  13 

256. 13 

252  6.3 

:48.6.3 

24.3.88 

251  50 

lO.UOO 

:r  15 

218  65 

219, <>5 

222  15 

22.3.65 

224  6' 

225  17 

224  17 

221  17 

220  16 

218  ()5 

217  65 

221  <r 

I5.(XH) 

:i7 15 

218  65 

219  <>5 

222.15 

22.3.65 

224. 65 

225. 15 

224  1 5 

221.15 

220  15 

218  ()5 

:i7.(,^ 

221  (r 

:01M)0 

: 1 4 0(1 

:i6 

218,65 

2:2  15 

22.3  65 

224.65 

225.15 

224  15 

221  15 

218.67 

2I6.(>6 

214  17 

2 i 9 9‘i 

:5  000 

: i : 1 K 

2P  44 

220  62 

22:  15 

22.3  65 

:.U)  'M 

229  01 

229  3(J 

222,64 

219  09 

214.67 

210.69 

221  04 

:i<>  55 

221  4(. 

222  60 

22''. 53 

234  42 

NS 

2.39,18 

2.36  74 

2.30.58 

22.3  06 

2(8  56 

2(5. 05 

22'  05 

.^5.000 

::i.oi 

226  00 

230,90 

238.8! 

246.73 

25  1 43 

252. 0<> 

247.5.3 

2.39.19 

229.85 

222.53 

219.51 

2.35  4(. 

40.000 

43 

235.44 

243  ()3 

253.0^ 

260.59 

265,29 

2(>4  9 3 

259  90 

251. 07 

239.75 

230  33 

226  85 

24(.  49 

4>,(KH) 

24.?.  24 

249,46 

25  6 4' 

267.39 

272.63 

:?6  13 

277,  .34 

27). 01 

262.26 

252  00 

241  55 

238.05 

258.98 

1 “;()  (Kio 

250.h4 

255.65 

265.15 

274  IS 

279.15 

280  65 

2'9  15 

2'5  15 

26',  15 

260. 1 5 

255,65 

249.39 

2('(>  01 

55  000 
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1 9008 

2. 1 763 

2.4227 

2.4584 

2.2848 

1.9488 

1.6062 

1.4630 

I.35-: 

I 8365 

SOOOO 

0.634- 

0.6848 

0.8262 

0.9812 

1,1540 

1.3067 

1,3408 

1.2247 

1.0057 

0.7882 

0.6959 

0.6410 

0.9403 

0.9884 

1.288, 

0 471)3 

0 629: 

0 435;  0.'‘j;8 


1 1383  1,8*4 

0.544:  O'*?" 

:4q;:  3:1: 


•poskcrof  I0I'>  *huh  prvvcvlm^  mimhcrs  sliouUI  be  tnultiplicd. 


Table  A3.  Mean  Monthly  Thermodynamic  Properties  for  January 
at  Specified  Lonjjitudes 


Attitiulc 

60°  N 

75°N 

(kin ) 

I0°\V 

100“  W 

1 40“W 

10°W 

1 40“W 

TEMPERATURE (K) 

0.000 

2'' 8.15 

24b.  15 

269. 1 5 

257.65 

242,15 

5.000 

24';.  13 

237. 13 

244.93 

238. 1 0 

238. 1 2 

10.000 

216.16 

217.15 

221.15 

213.64 

213.65 

15.000 

216.15 

216.56 

221  15 

211.15 

213.65 

20.000 

212.18 

213.57 

221.15 

206.40 

212.16 

25.000 

203.45 

212.08 

216.27 

195.15 

209.68 

30.000 

210.40 

217,04 

222.22 

203.39 

217.63 

35.000 

218.1  1 

223.42 

228.17 

213.81 

225.56 

40.000 

229.49 

232.65 

234.03 

226.51 

233.49 

45.000 

240.85 

245.00 

239.46 

239.86 

241.32 

50.000 

252.19 

251.82 

245.83 

246.87 

248.73 

55.000 

257.55 

252.15 

254.15 

250.15 

252.15 

PRESSURE  (mb) 

0.000 

1.0025 

1.0175 

1.0102 

1.0065 

1.0205 

+3* 

5.000 

5.2259 

5.0779 

5.2135 

5.0754 

5.0638 

+2 

10.000 

2.4991 

2.3783 

2.4764 

2.3628 

2.3493 

15.000 

1.1363 

1.0850 

1.1462 

1.0586 

1.0575 

20.000 

5.1428 

4.9201 

5.31 16 

4.6998 

4.7625 

+1 

25.000 

2.2580 

2.2101 

2.4346 

2.0056 

2.1190 

30.000 

0.9949 

1.0027 

1.1233 

0.8524 

0.9573 

35.000 

4.5093 

4.6437 

5.2968 

3.7824 

4.4558 

+0 

40.000 

2.1  184 

2.2084 

2.5490 

1.7519 

2.1318 

45.000 

1.0334 

1.0892 

1.2496 

0.8487 

1.0464 

50.000 

5.2165 

5.5378 

6.2323 

4.2534 

5.2570 

-1 

55.000 

2.7055 

2.8414 

3.1908 

2.1630 

2.6900 

DENSITY  (kg  m* 

3) 

0.000 

1.2555 

1.4400 

1.3075 

1.3608 

1.4681 

+0* 

5.000 

7.3666 

7.4598 

7,4151 

7.4258 

7.4083 

-1 

10.000 

4.0275 

3.8155 

3.9010 

3.8527 

3.8306 

15.000 

1.8313 

1.7455 

1.8055 

1.7465 

1.7243 

20.000 

8.4435 

8.0254 

8.3672 

7.9325 

7.8198 

25.000 

3.8662 

3.6304 

3.9216 

3.5802 

3.5205 

30.000 

l.(i4'4 

l.()094 

1.7610 

1,4600 

1.5325 

35.000 

7.2023 

7.2404 

8.08'’0 

6.1627 

6.8815 

-3 

40.000 

3.2158 

3.3069 

3. 7944 

2.6943 

.3.1806 

45.000 

1.4947 

1.5487 

1.8179 

1.2327 

1.5106 

50.000 

7.2057 

7.6608 

8.8318 

6.0021 

7.3628 

-4 

55.000 

3.6596 

3.9257 

4.3737 

3.0123 

3.7165 

‘Power  of  1 0 hy  which  preceding  numbers  should  be  multiplied. 
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